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Abstract
The course of conjugate addition of diethyl methylmalonate
depends upon reaction conditions, giving rearranged products in the
presence of a full equivalent of base.

With ethyl cinnamate, this

rearranged product is diethyl a- eth oxycarb ony 1-J3-ph eny 1-Y~me thy 1glutarate(36).

The currently accepted view of the mechanism of this

reaction involves conjugate addition followed by ethoxycarbonyl transfer
via a cyclobutanone intermediate.
However, evidence to the contrary has been obtained.

The

study of ethyl cinnamate and its analogs suggests diethyl methylmalonate
reacts with two molecules of the unsaturated component to give a ternary
intermediate, which undergoes ethoxycarbonyl transfer via a cyc'lohexane
intermediate.

In the case of ethyl cinnamate, such a process followed

by retrogression gives ethyl a-methylcinnamate and diethyl or-ethoxycarbonyl-§>-phenylglutarate(49) •

These recombine via conjugate addition

of compound k-S as an alkylmaIonic ester to give the intermediate
diethyl a-me thy l-j3, jj-diphenyl-YjY-diethoxycarbonylpimelate.

This

intermediate undergoes retrogression to give ethyl cinnamate and the
rearranged product(36 ).
Furthermore, diethyl malonate does not undergo abnormal
partition.

A report to the contrary is discussed.

vii

INTRODUCTION

The abnormal Michael reaction was to be studied as a model
system for the biochemical conversion of methylmalonyl CoA into
succinyl CoA.

However, initial studies indicated the accepted mechanism

for the abnormal reaction might not be correct.

Thus, a determination

of the mechanism of the abnormal Michael reaction was undertaken.

1

History

In I 887 Michael1 reported that base catalysed conjugate
addition of diethyl malonate to cy,jj-unsaturated esters gives substituted
diethyl arethoxycarbonylglutarates(l).

c o 2c 2h

5

I

/

02^2^5

\ : o 2c 2h 5

2

^

1
Figure 1

This reaction provides a general route to a wide variety of compounds
as it has been shown that unsaturated ketones2 and nitriles3
also undergo conjugate addition.

Monosubstituted malonic and cyano-

acetic esters4 react in analogous fashion.
While studying

alkali metal salts of a-cyanoesters, Thorpe4

found that they do not undergo normal Michael condensation with
unsaturated esters.

For example, condensation of ethyl a-

cyanopropionate with ethyl jj-methylcrotonate in the presence of one
equivalent of sodium ethoxide gives diethyl a-cyano~ji,j},^~
trimethylglutarate(2) as shown in Figure 2.
Thorpe reported that compound(2) can be alkylated with sodium
ethoxide and methyl iodide to give diethyl a “cyano-a,j3,£,Y~
tetramethylglutarate(li-). Acid hydrolysis of (^) gives
2

. NaOR
| C H 3I

C 0 2C2H5
c o 2c 2h 5
CH
COOH
3

OOH

Figure 2

a,P,J3,^-tetramethylglutaric acid(5).

The product expected from a

normal Michael condensation, diethyl cy-cyano-a,j5,jJ-trimethylglutarate(3),
should not exhibit this reactivity toward alkylation, and based upon
this experiment Thorpe concluded that the addition occurred as units
of methyl and ethoxycarbonylcyanomethyl.
Unaware of Thorpe's work in England, Michael5 siinultaneously
reported

similar results for conjugate addition of diethyl methyl

malonate to ethyl crotonate in the presence of a full equivalent of
sodium ethoxide.

Unable to fully explain his results, Michael

temporarily abandoned this facet of the reaction.

Returning to the problem in 1930, Michael and Ross6’7
found that the amount of ethoxide present determines the course of
addition.

From their results, Figure 5 , they concluded that, with

catalytic amounts of sodium ethoxide, the reaction takes the normal
course, giving compound (6).

However, in the presence of a full

equivalent of base, the rearranged product (7 ) is produced.

NaOCH2CH
1 NaOCH2CH3
2 C H 3I

1 Eq. NaOCH2C H 3

+

co2
c 2115
2h
2^

1 NaOCH2CH3
o 2c 2h 5

OOH
R

^ C 0 2C 2H 5
^*COOH

: o 2c 2h 5

Ry

Figure 5

I

R
CH3
0

J
ch3

0

C 0 2R c o o h

They concluded that under normal conditions (i.e., room
temperature, catalytic amounts of base) diethyl methylmalonate under
goes addition as units of proton and a,a-diethoxycarbonylethyl, whereas
refluxing the reactants with a full equivalent of base causes addition
to occur as units of methyl and diethoxycarbonylmethyl.
Holden and Lapworth8 challenged this view and reported
results that are inconsistent with this proposed mechanism.

They

pointed out that the products reported by Michael could arise through
addition of diethyl methylmalonate as units of ethoxycarbonyl and
a-ethoxycarbonylethyl as well as via units proposed by Michael
(Figure 4).

X 0 2R

1 via M ic h a e l’s

mechanism
:o 2r
Rs< ^ c o , r * c h 34 ( -2
:o2r

s

*

r'
hi

^2

'sn^ x C 0 2R
r

- c h 2c h 3

I

Y

co

Figure If

2 via H olden’s

L a p w o rth ’s
mechanism
2r

o
I

CH

\
o

o 2r

2r

o

Figure 5

7
They argued that differentiation between mechanisms is not possible
with unsaturated esters, but unsaturated ketones should give different
products indicative of the reaction course.

As shown in Figure 5»

diethyl methylmalonate and benzalacetophenone react under abnormal
Michael reaction conditions to give ethyl a-methylcinnamate(8) and
ethyl benzoylacetate(9).

Holdensargued these are formed from a

retrograde Michael of diethyl a-benzoyl-j3-phenyl-^-methylglutarate(l0),
which could only arise from a transfer of an ethoxycarbonyl group.
Transfer of a methyl group would give ethyl a-ethoxycarbonyljJ-phenyl-^-benzoylvalerate( 11).

Neither ( H ) nor any retrogression

product was found in the reaction mixture.
Holden and Lapworth8 proposed a mechanism, shown in Figure 6,
for the ethoxycarbonyl transfer which involves a Dieckmann cyclization

12
R = c 2h 5
Ri
1

ch3
c 6h 5
coo
C6H 5

r

2

OR
C6H 5
OR
OR
Figure 6

Figure 7

of the initially formed product (12).

Ethanolysis of the cyclobutanone

intermediate (13) gives the rearranged product (1)+).
Michael9 attacked

this conclusion on the basis of the

differing behaviors of benzalacetophenone and ethyl crotonate toward
conjugate addition.

He cited the relative ease with which

benzalacetophenone enters into Michael reactions^ forming trimolecular
addition compounds (15 , 16, IT, and 18) with diethyl malonate as shown
in Figure J.

Compound (19) could be formed from benzalacetophenone

and diethyl methylmalonate analogous to (18), and undergo ethanolysis
to give ethyl a-methylcinnamate, benzalacetophenone and ethyl
benzoylacetate.

However, Michael stated that this mechanism was not

applicable to ester systems, because no products analogous to (I5-I8)
could be found in reactions of diethyl malonate and a,ji-unsaturated
esters.
Although Michael and Ross1 made repeated efforts

to discount

the mechanism advanced by Holden, their attempts failed to gain
acceptance.

Other workers12 17 attempted to clarify the problem,

but offered

little new insight toward a solution.

However, with the advent of isotopic labeling techniques, an
ideal mechanistic probe for the abnormal Michael reaction became
available.

Simamura

et

al.

reported18 that an ethoxycarbonyl group

does indeed migrate during the course of the abnormal reaction.

Other

groups19 ’20 quickly verified this conclusion.
Alternate proposals for ethoxycarbonyl transfer have been
made.

Objection21 to cyclobutanone formation led Henecka22 to

10
propose that the reaction may actually proceed through a hemi-ketal
anion (20) as shown in Figure 8. Bergmann23 reviewed a novel mechanism

RO

£-OR

o

R

x o

2r

o 2r

Figure 8

proposal that involves conjugate addition of catalyst followed by a
Claisen condensation between components, shown in Figure 9> to give (21).

Figure 9

11
Compound (2l) can eliminate ethanol to give (22) which undergoes an
internal Michael reaction to give intermediate 13, Figure 6.
upon the failure of 2-cyclohexenones

Based

to give rearranged products,

Risinger and Durst24 advanced another alternative to the HoldenLapworth mechanism. They proposed that the following scheme (Figure
10) might be involved.

CH

COoR' / C O , R

OR

\
C

H

^

0 ^

PHsv'CO R
II

COoR

Figure 10

12
On the basis of thisL.inechanisin, cinnamonitrile should fail to give
rearranged products, since it would form a linear anion that could not
participate in the transfer.

This failure was reported to be the case.

Also, in agreement with the proposal that ^-substituents should interfere
with acylation by diethyl carbonate, ethyl cis-o'-phenylcinnamate gave
diethyl carbonate, ethyl propionate and starting materials.
Though conclusive evidence for ethoxycarbonyl group transfer
has been reported18 20, there are points concerning the abnormal
Michael reaction still subject to question.

The actual sequence of

events leading to abnormal products is still unclear, though the
proposal of Holden and Lapworth remains widely accepted.

Also it has

been assumed25 that the behavior of diethyl malonate is analogous to
that of alkylmalonates and that under abnormal Michael reaction
conditions, diethyl malonate would give rearranged products.

This

explanation was advanced by Johnson26 to account for the production of
ethyl(5-keto-^-ethoxycarbony.l-l-methylcyclohexyl)acetate in the
condensation27 of diethyl malonate with 3-methyl-2-cyclohexenone
shown in Figure 11.

o
o

23

Figure 11

Johnson argued that (23) arises through the sequence shown in Figure 12,
which involves an abnormal rearrangement from (24) to (25 ).
grade Dieckmann gives (26 ) which cyclizes to product (23 ).

A retro
Although

the subsequent isotope studies of Swan28 indicated that diethyl
malonate and ethyl crotonate do not undergo abnormal condensation,
Abramovitch29suggested, as did Johnson, that malonic ester is capable
of abnormal partition.

o
C 0 2R
r

*

04

i

25

C 0 2R

1

26
23

Figure 12

14
In conc-lusion, the course of conjugate addition of
alkylmalonic esters is influenced by reaction conditions, giving
rearranged products in the presence of a full equivalent of base.
Furthermore, tracer studies show the reaction involves ethoxycarbonyl
transfer.

The mechanism proposed by Holden and Lapworth is widely

accepted as fact, though some experimental evidence has been reported
to the contrary.

Finally, in light of conflicting reports, claims of

abnormal partition of diethyl malonate must be considered as
inconclusive.30

Discussion

Some of the most intriguing biochemical transformations are
those involving the Bi2 coenzymes (Figure I 5 ) . 31

The Big dependent

conversion of methylmalonyl CoA(2ff) into succinyl CoA(28) is difficult

C O zH

c o 2h
CHr-(

SCoA
27

CH
CO?

^0

Figure 13

to explain because of the apparent lack of activation for the methyl
group.32

This reaction is unprecedented j.n non-biological systems for

which there exists no obviously analogous conversion.
However, the similarity between these conversions and the
abnormal Michael reaction suggests that the. latter may serve as a
model for the metabolism of methylmalonic acid.

One possible

representation of this path is given in Figure 14.

15

16

COOH
CH,'nUCOR
OOH
CH
R

Y
29

HOOCv^CH

CH,v^COOH

COR

\

HOOC

HOOC

COR

COR

OOH

HOOC

OR

Y
29
R= SCoA
Figure 14

Following conjugate addition to an activated double bond(29)»
CoA carbonyl transfer to this acceptor could proceed via an abnormal
Michael reaction.

The subsequent oxidation activates the methyl group,

allowing a second CoA carbonyl transfer to give the desired carbon
skeleton.

Reduction and retrogression produces succinyl CoA(28) and

the regenerated acceptor.

The exact nature of this acceptor is

unknown; it may be part: of the enzyme or of the B 12 coenzyme.

Func

tional groups X and Y need only stabilize electron density at their
respective alpha positions'.
Insight into complex biochemical systems has been obtained32
through the study of suitable model systems.

The abnormal Michael

reaction might serve as a model for these enzymatic reaction.

If the

cyclobutanone mechanism of Holden and Lapworth is correctj reactions
between diethyl methylmalonate and Q^fJ-unsaturated esters could serve
as a beginning for such a model study.
However, previous results obtained in our laboratories
indicate the currently accepted mechanism of the abnormal Michael
reaction may be in error.

Risinger and Durst, in a study

of the

synthetic utility of this reaction, failed in their attempts to
prepare compound (52 ), Figure 15, via an abnormal reaction between

P O 2C 2H 5

CH -C
c o 2c 2h

30

5

31

Figure 15

diethyl methylmalonate (31 ) and 5-msthyl-2-cyclohexenone (JO).

They

report both 2-cyclohexenone and cinnamonitrile fail to give rearranged
products under similar conditions.

This report places the Holden-

Lapworth mechanism in doubt, as the cyclobutanone mechanisms cannot
account for these failures.

Therefore, the exact course of the abnormal

Michael reaction had to be determined before study of this reaction as
a model system for Bi2 catalyzed rearrangements could be undertaken.
Risinger and Durst suggest this reaction proceeds via enolate
anion cleavage of the initial adduct.

They attribute their failures to

the inability of the enolate to assume the necessary syn configuration
(33> Figure 16 ) with respect to the diethyl methylmalonate side chain.

H,C C 0 2C2H 5

c 2h 5o 2csY/ so

C-H.OoC 9°2C 2H 5

s y n - e noI a t e
(trans)
33
Figure 16

If the failure of the cyclohexenones was

indeed due to the

forced anti configuration of the enolate ( 3^, Figure 16),

increasing the ring size should allow the enolate to assume the syn
orientation, ultimately producing rearranged products.

As cyclooctene

is the smallest cycloalkene for which stable cis and trans isomers are
known,33 one might expect 2-cyclooctenone to be the lowest homolog of
the series shown in Figure 17 to produce rearranged products by
formation of trans-enolates (i.e., 53) •

o c o 2r

OoR
-

a

RO
COR ♦

CH

-

CH
m

m

Figure 17

20

Since the rearranged products are jj-ketoesters, alcoholic
ferric chloride was used as a diagnostic test for their presence.
This sensitive test for enolic materials showed this initial study of
reaction dependence upon ring size did indeed give the predicted
results (Table 1).

Increasing the ring size from 2-cycloheptenone to

2-cyclooctenone allows the production of enolic materials.

This

indicates the proposal of Risinger and Durst may be correct.

Table 1
Compound

Enolate

2-cyclohexene
2-cycloheptene
2-cyclooctenone
2-cyclodecenone
2-eyelododecenone

cis only
cis only
cis or trans
cis or trans
cis or trans

(+)FeCl3 products
no
no
yes
yes
yes

There are two possible structures for the rearranged product
(Figure 18).

In either case hydrolysis would give a j3-keto acid

c o 2c 2h

5
0 ,C ,H

C 0 9 C 2H 5

n

CH

Figure 18

21
which could decarboxylate to the same product.

Thus the keto function

must be removed to prevent the loss of carbon dioxide in order to
determine which product is formed.
The crude materials from 2-cyclooctenone and 2-cyclododecenone
were reduced by means of Clemmensen conditions34 for 12 hours which
hydrolyzes the esters as well as reduces the carbonyl functional
group.

It was hoped that a Blanc35 degradation of the acid material

would determine which of the two isomers was present (Figure 19).

1 Ba@

2 A

&
1 Ba
0?H

2 A

n= i,s
Figure 19

However, all attempts to isolate and identify the products of this
pyrolysis failed.

Examination of the abnormal Michael reaction

22
products prior to reduction showed that the enolic material- was present
only in very low concentration.

Apparently, the condensation reaction

produced a complex mixture of products.
Therefore a complete examination of the abnormal Michael
reaction at a very basic level appeared to be necessary before a
study of this condensation as a model system can be made.

Repeating

the work of Risinger and Durst showed that, contrary to their report,
diethyl methylmalonate does react with cinnamonitrile under abnormal
conditions to give rearranged products in a

overall yield.

Though

polymerization of the nitrile is extensive, conducting the reaction
at high concentrations and careful fractionation of the viscous
reaction mixture gives ethyl a-methylcinnamate and a high boiling
fraction ( bp

198-202° @ 2 mm Hg) identified as diethyl a-cyano-ji-

phenyl-y-methylglutarate (55)-

This compound is identical to that

prepared from ethyl cyanoacetate and ethyl a-methylcinnamate .

C O 2C 2H 5

N

CH3- <
C 0 2 C 2H 5

CH
C O ,C 2H

r

CN
C O 2C 2H 5

C O 2C 2H 5
ch3

Figure 20

35

23
The IR spectrum of (35) (i.R. y ) has a strong ester carbonyl band and
a weak nitrile absorbance.

The NMR spectrum gives little information

about its structure, as the signals for the ethyl groups mask those
for the other protons (NMR j2).

The complex nature of this spectrum is

due to the fact that (35) is actually a mixture of isomers.-

The mass

spectrum of (35 ) is by far the most valuable analysis of its structure
(MS lb).

The molecular ion, m/e 303* undergoes two distinctive

fragmentations, Figure 21, to give ions m/e 202 and m/e 102.

o c 2h 5
I

q
J L

0 ' > < H

m/e = 102

0 ' ^ | - C O 2C 2H 5

CN C02C2H 5

CN

1

OC2H 5
CN

A

m /e =202
0 X ^ ^ 0020^,

i

CN

Figure 21

P

V

c

c o 2c 2h 5

••

A method for determination of ion composition has been
developed. 36

By comparison of the relative intensities of an ion

with that of ions one and two mass units higher, the empirical formula

2b
of the ion can be computed if there are no interfering ions at these
higher mass values.

This system is based upon natural abundances of

the isotopes of carbon, nitrogen and oxygen.
has an empirical formula of Ci2Hi2N02 .

Thus the ion (m/e 202)

However, interference prevents

application of this technique to the determination of the formula of
the ion with m/e 102 .
The production of rearranged compounds from this system cast
serious doubt upon the validity of the proposed enolate mechanism.
However, the nitrile could participate in the ethoxycarbonyl transfer
following addition of ethoxide (Figure 22).

X

( c 2 h 5 o )2c o
+

ch

3-

'C0 2 C 2H 5

35

Figure 22

0 2 C 2H 5

Therefore, a reaction procedure was developed to test whether
diethyl carbonate is an intermediate in this reaction.

This method

involves conducting the reaction in the presence of acylation agents
more reactive than the carbonate ester.

If diethyl -carbonate is

involved in an acylation step, these more reactive acylating agents
should successfully compete with it and give correspondingly altered
products.

However, diethyl oxalate or ethyl formate did not interfere

with the production of rearranged materials.

Diethyl methylmalonate

and ethyl cinnamate give diethyl malonate, ethyl cv-methy1cinnamate
and diethyl a-ethoxycarbonyl-jJ-phenyl-^-methylglutarate (36 ), Figure 23,

✓•CO 2C 2H 5
O 2C 2H 5

36
R= H ,C 0 2C 2H 5
Figure 23

under abnormal conditions.

The presence of equimolar amounts of the

oxalate or formate ester in the reaction mixture did not inhibit the
formation of (36 ).
intermediate.

Diethyl carbonate, therefore, cannot be an

Supporting this conclusion, diethyl carbonate and diethyl

glutarate give only trace amounts of diethyl »~ethoxycarbonylglutarate

26

(37) under abnormal conditions.

The reaction is, in all probability,

intramolecular.
If the first step of the rearrangement involves enol partici
pation, the only feasible mechanism to explain these results would be
a sequential acyl transfer as shown in Figure 2k.

CH

R =O C H ?C H 3

O

am
C

C

R
O

H

COR

©O

V
Jco

Figure 24

To test this hypothesis, a reaction sequence was developed in which
enol participation is

unlikely.

This test consisted of the addition

of diethyl methylmalonate to an a,j}-unsaturated sulfone.

Since

sulfones are not good nucleophiles, 37 one would not expect enol

27

participation in this sequence.

Therefore, if this participation

is the first step in the rearrangement, abnormal products should not
form, since by the above argument, an intermediate such as (38 ), is
unlikely.

However, the abnormal modification of the Michael reaction

C O 2C 2^5

CHjVC02C2H,

c 2H 5o c r

c H 3o X

oC2H5

M?.
A

r

?

o©

38

OP

Figure 25

was found to be independent of the carbonyl function.

p-Chlorostyryl

p-toluyl sulfone (39 ) and diethyl methylmalonate, under these
conditions afforded the abnormal product,, diethyl a-£-toluenesulfonylj3-£-chlorophenyl-Y-methylglutarate (40) (Figure 26 ) in a k 5 $ yield.

CH

CH

Cl
SO

Cl

39

CH
Figure 26
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The NMR spectrum of (40) shows two upfield triplets and an upfield
doublet (1.19 ppm) (NMR 10 ).

This doublet is the signal from the

methyl group following rearrangement.

This suggests rearrangement

has probably occurred by an intramolecular path without participation
of the enolate anion.
These findings can all be explained in terms of the original
Holden-Lapworth mechanism except for those obtained from the cyclic
systems.

The failure of 2-cyclohexenone and 2-cycloheptenone to give

rearranged products could be attributed to the ring strain in the

2 -bicyclo[^.2 .0 ]octanone

(h-l) and 2 -bicyclo[5 .2 .0 ]nonanone

(U2 )

intermediates being greater than that of the larger series ( k j ).

v^COOR

41

vCOOR

42

R : C 2H 5
Figure 2f

Although Allinger38 et

al. have recently calculated strain energies

for several bicycloalkane systems, they do not discuss bicyclo[n.2 .0Halkanones nor, apparently, are any other calculations available.
One must therefore make a qualitative judgement about these systems
based upon the available data.

Eliel discusses39 various

29
bicycloalkarie systems, citing examples of all bicyclotn^.O^lkanes
from n = 1 to n = 7*

Furthermore, Corey40 reports a. synthesis of

dl-caryophyllene that involves 7 »7 “dimethyl-2 -bicyclo[lK 2 .0 ]octanone

m -
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Figure 28

The similarity between (Mf) and the intermediate

(1^1)

from a Holden-

Lapworth condensation with 2 -cyclohexenone suggests failure is not due
to ring strain.
This leaves one with a confused mechanistic picture.

On the

one hand, the reaction is apparently intramolecular as acylating agents
do not interfere with production of rearranged materials.

The enolate

is apparently not involved as a,£-unsaturated sulfones also give
rearranged products.

On the other hand, failure of cyclic systems

is puzzling, as one would expect little difference between cyclic
systems and simple activated ethylenes if the mechanism of Holden and
Lapworth is correct.
Since the only evidence conflicting with the cyclobutanone
mechanism is that obtained with cyclic systems, a detailed study of the
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reaction of diethyl methylmalonate with 2-cyclohexenone was undertaken.
The study of reaction dependence upon ring size confirmed the report24
by Risinger and burst that 2-cyclohexenone fails to give enolic
products with diethyl methylmalonate.

However, in an attempt to force

the production of rearranged materials by using more vigorous condi
tions, it was found increasing the concentrations of the reactants
afforded enolic materials.

Thus, refluxing the reactants in a solution

of one equivalent of sodium in a minimum of absolute alcohol produced
a yellow mixture giving a positive reaction with alcoholic ferric
chloride.
However, all attempts to isolate abnormal Michael products
from this reaction mixture failed.

Distillation affords a compound

corresponding to a dimer of 2 -cyclohexenone, 2 -(3 -oxocyclohexyl)-2 cyclohexenone (4-5).
the

Its NMR spectrum has a triplet at 6 .71 ppm from

vinyl proton (NMR

5 ) • Two carbonyl absorptions indicate

ketones; one is a simple ketone (5 .8 2 (j,) and the other is an
a,j3-unsaturated ketone (5-95 M-) •
Thick layer chromatography of the reaction mixture afforded
an enolic material in addition to the dimer.

This was subsequently

identified as a 2-(ethoxycarbonyl-3-oxocyclohexyl)-2-cyclohexenone (46)
(2,4-dinitrophenylhydrazone, M.P. 184°C., dec.).
be either of the two isomers, (46a or 46b),

Compound (46) could
as they can be

interconverted through the open chain intermediate (5 7 ) under the
condition of the reaction (Figure 29).

Insufficient evidence has been obtained to differentiate between them.
However, either apparently must arise via the intermediate (Vf) as
shown in Figure 30.

46

47

Figure 30

If this ternary adduct, (Vf)> is indeed the precursor of the
products in the cyclic systems, perhaps a similar intermediate is
involved in the production of rearranged materials from acyclic systems
Michael9made such a proposal to explain the results obtained by Holden
and Lapworth since he was able to isolate similar intermediates from
the reaction of diethyl malonate and benzalacetophenone (Figure 7,
page 8 ).

In the case of ethyl cinnamate, such a ternary intermediate

(U8 ) could give rise to rearranged products by a similar sequence
outlined in Figure 51.

From this intermediate, ethoxycarbonyl

transfer followed by retrogression would give ethyl Qf-methylcinnamate,

2

c o 2r

C 0 2R

48

r = c 2h 5
+

c o 2r

c o 2r
+

y X 0 2R
c o 2r

36
Figure 31
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diethyl malonate, and ethyl cinnamate.

Conjugate addition of xnalonic

ester to ethyl a-methylcinnamate would give the rearranged product (36 ).
If this representation is correct, one would also expect the product
from conjugate addition of diethyl malonate to ethyl cinnamate to be
present in the reaction mixture.

Though such compounds have not been

c o 2r

OoR

CO jR
COoR

R = C2Hs
Figure 32

previously reported in these systems, the mass spectrum (MS J? ) of
the high boiling fraction from the reaction of ethyl cinnamate indicates
that there is indeed a mixture of these two compounds formed under
abnormal conditions.

The molecular ion corresponding to the rearranged

material (3 6 , m/e = 350 ) is accompanied by a corresponding peak Ik mass
units lower.

This ion, m/e = 33^, is from diethyl a-othoxycarbonyl-£fJ,
j
phenyl glu tar ate (k$)). 'Tairs of ions corresponding to (M-k5) , (M-7k) ,
(M-91)+ , (M*-13.9)+ , (M-lk6)+ , (M-lk-7)+ , and (M-lk8)+ are also present.
The mass spectrum of (k9)> prepared from ethyl cinnamate and diethyl
malonate indicates presence of (k9) in the high boiling fraction.

Saponification and partial decarboxylation of the high boiling
fraction gives an acid fraction* from which the expected a-methyl-jiphenylglutaric acid can be crystallized.

Thin layer chromatography of

the mother liquor on silica indicates Jl-phenylglutaric acid is present
by comparison with an authentic sample.
An analogous mixture is found in the condensation of diethyl
methylmalonate and cinnamonitrile.

The mass spectrum (MS lb ) of the

rearranged product, diethyl cr-cyano-jJ-phenyl-Y_-methylglutarate (35)»
has a peak at m/e = 2^ 2 jcorresponding to the molecular ion of ethyl
<y-cyano-£-phenyl-.6.-glutaramononitrile (50).

Compound (50 ) arises via

a sequence analogous to that in Figure 3?-, shown below.

CQ£R
C H ^ C 0 2R^£^j

Compound (50 )

C O ,R

CH
Y

n c y c ° 2r

0

CN

CN

COoR

O pR

35

CH.
* C 0 ,R

o

c g 2r

50
o

0

COoR
Figure 33

35
is not present in material prepared via conjugate addition of ethyl
cyanoacetate to ethyl cy-methylcinnamate (MS

la ).

Though one may argue that these mixtures arise as shown in
Figure Jb from a retrogression of the rearranged product formed via
a cyclobutanone intermediate, evidence to the contrary has been

co?c 2H 5
CH ^ c o 2c 2h 5

i,0 2 C 2H 5

C H r-\

+

0^ V

C° 2 C 2H 5
0

o 2 c 2h

y ^ J Z O zC 2H 5

.Hol'dert-

jLapworth
,C 0 2 C2H 5
^ C 0 2C 2H 5

o 2c 2 h 5

0

C 0 2CoH 5

c o 2c 2 h 5
„
^

CH 3v ^ c o 2c 2 h s

x v X 0 2 C 2H 5
A y C O f t n ,
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CH3

c o 2c 2 h 5
36

Figure 54

obtained.

While attempting to prepare the initial ternary adduct

(48, Figure 31 ) by using milder conditions, it was found refluxing
the components with catalytic amounts of base rather than the full
equivalent classically employed produced rearranged materials as

before.

A similar mixture of (r-ethoxycarbonyl-J3-phenylglutarate esters

is formed, though diethyl malonate is absent.

Since the retrograde

Michael reaction is less likely under these mild conditions,^1 the
argument presented in Figure

seems unlikely.

This is strongly

supported by the fact that, though diethyl a-ethoxycarbonyl-J3phenylglutarate (^9 ) undergoes retrogression (s* 15 fo) under abnormal
reaction conditions, it is stable to the milder reaction with catalytic
amounts of base.
Since rearranged products are formed in the presence of
catalytic amounts of base, complete retrogression of the ternary
adduct after ethoxycarbonyl transfer also seems an unlikely route to
rearranged products.
retrogression

to

A more likely explanation involves an initial

ethyl a-methylcinnamate and diethyl cy-ethoxycarbonyl-

P-phenylglutarate (^9)*

These then recombine via conjugate addition to

give the intermediate (51 ) which can undergo retrogression in either

COoR
C 0 2R X 0 ,R

o

o

C H , 2R

o

c o 2r

CO,R
R=C2H 5
Figure 55

O

CO,R

direction to give the resulting product mixture.

In support of this

proposal, a mixture of ethyl a-methylcinnamate and diethyl
a-ethoxycarbonyl-jP-phenylglutarate gives similar product mixtures in the
presence of catalytic amounts of sodium ethoxide in refluxing absolute
ethanol.

Furthermore, the absence of diethyl malonate under these

conditions suggested that the malonic ester arises via complete
retrogression under the more vigorous abnormal Michael reaction
conditions.
Seemingly, therefore, these product mixtures suggest the
mechanism proposal involving ternary intermediates such as (U8)
(Figure JL) is involved in the acyclic systems as well as in the
2-cyclohexenone case.

Furthermore, a mechanism involving the ternary

intermediate explains the absence of abnormal Michael reaction products
observed in the cyclic systems.

These systems cannot undergo

retrogression after ethoxycarbonyl transfer as do the acyclic analogs
(Figure 36 ).

The observed retrogression product is apparently formed

Figure 36

due to the relief of steric interference obtained upon elimination.
pj

This reaction is analogous to that reported

by Risinger and Durst.

Ethyl cis-Q'-phenylcinnamate and diethyl methylmalonate give diethyl
carbonate and ethyl propionate under abnormal conditions.

As the

^-substituent lowers the rate of formation of the ternary intermediate,
rearranged products do not form.

Therefore, the addition of diethyl

methylmalonate followed by enolate cleavage of the adduct,as proposed
by Risinger34, becomes the predominant reaction.

Following solvolysis

of the resulting enol carbonate, the adduct undergoes elimination to
give ethyl propionate and ethyl ci£-a-phenylcinnamate.

Similar results

have been obtained upon reaction of diethyl methylmalonate with
2-benzylidenecyclohexanone.

Apparently, enolate anion cleavage of

the binary adduct becomes the predominant reaction only if the forma
tion of the ternary adduct is prevented.
Since the above arguments imply these ternary intermediates
give rise to rearranged products, determination of the path through
which they are produced was attempted.

Basically, there are two

possible pathways for their production.

s
Michael proposed a sequence

of two simple conjugate additions as shown in Figure 37«

CH

CO? R
CH ^ C 0 2R
+

c o 2r

co

The other

COo R
n
C H ^ X :6 2Rr C 0 2 R
2r

Figure 57

39
pathway consists of addition of diethyl methylmalonate to a previously
formed dimer of the unsaturated component (Figure 38 ) •

c o 2c 2H 5
— \

— ►48
C 0 2C2H 5

Figure 38

Since such a dimer was isolated from the reaction of diethyl
methylmalonate with 2 -cyclohexenone, the production of dimeric compounds
was investigated as a possible key to the course of the abnormal
Michael reaction.

Base-catalyzed dimerization of other 2-cyclohexenones

has been previously reported.4 2 Furthermore, 2-(3~oxocyclohexyl)-2cyclohexenone . (I4-5 ) is produced by treating alcoholic solutions of

2 -cyclohexenone with a trace of sodium ethoxide in the cold for long
periods.
Figure 39*

The suggested mechanism42for dimer formation is shown in
This mechanism is, in all probability, correct, since

3 -ethoxycyclohexanone is found along with (*f5 ) in the base-catalyzed
dimerization.

These findings prompted a re-examination of the condensa

tion of diethyl methylmalonate with 2 -cyclododecenone which revealed a

,5

major product is

a dimer of the ketone, (C24H 3 Qo) compound (52), m P

1^ - 1 ^ 5°C., apparently formed by an analogous dimerization and
cyclization, followed by dehydration.

Furthermore, ethyl crotonate

gives a dimer, diethyl a-ethylidene-j}-methylglutarate as a minor
product in the reaction with diethyl benzylmalonate-.

Dimeric

compounds can apparently be found in other systems, as treatment of
ethyl cinnamate with sodium ethoxide in refluxing absolute ethanol
gives its corresponding dimer, diethyl a-benzylidene-jsphenylglutarate (28 ) in about 10$ overall yield as estimated by NMR
(NMR

11 ).

The presence of these dimeric compounds suggested the

mechanism involved is that in which dimerization occurs prior to
addition of diethyl methylmalonate (Figure 58 , page 39) •

kl
In support of this- mechanism, reaction of diethyl
methylmalonate with the 2 -cyclohexenone dimer (45 ) gives the same

2 -(ethoxycarbonyl-3 -oxocyclohexyl)-2 -cyclohexenone (^6 ) as produced
with 2-cycloliexenone.

This compound must arise via addition of the

methylmalonate anion to the dimer followed by subsequent ethoxycarbonyl
transfer and elimination.
Therefore, the abnormal Michael reaction apparently follows
the complex path presented above rather than the simple cyclobutanone
mechanism proposed by Holden and Lapworth.

Isolation of (li-6 ) from the

2 -cyclohexenone reaction mixture suggested the reaction proceeds via a
ternary adduct as is shown in Figure 3 0 . The presence of mixtures in
the high-boiling fractions from acyclic systems supports this
hypothesis.
Unfortunately, the path by which these ternary adducts are
formed has not been definitely established.

The formation of dimers

under abnormal conditions and the isolation of (^6 )

from the reaction

of the cyclohexenone dimer suggests this is the path which gives the
ternary adducts.
The apparent driving force for this rearrangement is the
production of a more stable carbanion following conjugate addition.
However, if this is indeed the case, abnormal partition of diethyl
malonate seems unlikely as a stable carbanion may be formed following
addition by removal of the remaining acidic

proton as in Figure ifO.

♦I

h2

C O 2C 2H 5
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|

ta>2C zH 5

h®

+

. C O 2C 2H 5

N

O O 2C 2H 5

Figure ^0

To determine if diethyl malonate does indeed undergo abnormal partition,
it was reacted with cinnamonitrile under abnormal Michael reaction
conditions as well as with catalytic amounts of base at room temperature.
The high boiling fraction from both reactions was identified as ethyl
a-ethoxycarbonyl-j3-phenyl-6i-glutaromononitrile

(53 ).

The mass spectra

of the high boiling material from both reactions were identical
(M.S. ^ ) .

In view of these findings, it can be assumed that diethyl

malonate does not undergo abnormal partition.
Therefore, the reaction of diethyl malonate and 3-methyl-2cyclohexenone (Figure 11, p. 12) might be better explained by the
scheme shown below (Figure ^1).

By the previous arguments,

the first step should be conjugate addition followed by a tautomerization to give the more stable carbanion

(5*0 . This anion may undergo

retrogression followed by a Claisen condensation to give compound (55).

CO„R

i
0

,R

56

Figure

Isomerization of the double bond followed by a retr.o-Dieckmann gives
the acyclic compound, ( 56), which undergoes an internal Michael
reaction to give product

( 23)*

This proposal seems more reasonable

than that of Johnsoif^.n view of the evidence that diethyl malonate does
not undergo abnormal partition.
In conclusion, the abnormal Michael reaction is apparently
an extension of simple conjugate addition.

The course of the reaction

is determined by the relative rates of the various reaction pathways.
Malonic ester undergoes addition readily and tautomerizes to the stable
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carbanion.

Alkylmalonic esters cannot form the stable carbanion

following the addition and therefore may undergo retrogression.

This

allows formation of the dimer followed by addition which produces
rearranged materials by the sequence presented above.

Experimental

In the following experiments the chemicals used were reagent
grade unless otherwise designated.
necessary.

No further purification was

Absolute ethanol was used in all cases unless otherwise

designated.
Uncorrected melting points are reported which were taken on
a Fisher-Johns Melting Point Apparatus.
The ultraviolet (UV) spectra were determined on a Cary,
Model 14, double beam spectrophotometer; all were determined in 95$
ethanol, wavelengths(4) are reported in millimicrons (xnjj,).

Infrared

(IR) spectra were determined on a Beckman, Model 10, or a PerkinElmer, Model 1$'J, double beam spectrophotometer; wavelengths, X» are
reported in microns (jj,).

NMR spectra were determined on a Varian,

Model A60A, NMR spectrometer at 60 MHz field strength.

All chemical

shifts are reported in parts per million (ppm) downfield (§) from
tetramethylsilane (TMS) internal standard.

Mass spectrograms were

determined on a Varian, Model M -66 , double-focusing mass spectrometer
by Cheryl White, Louisiana State University - Baton Rouge, Department
of Chemistry staff member.
Mr. Ralph Seab of the Louisiana State University - Baton
Rouge, Department of Chemistry staff member performed all elemental
analyses.

2-Cyclododecenone

Cyclododecanone(26.5 g., 0.1^6 mole) was dissolved in diethyl
ether (250 cc., anhydrous) and aluminum trichloride (anhydrous, 0.2 g.)
was added to the solution. Bromine(2j5.1l- g., 0.lh-6 mole, 7 .5 cc.) was
added dropwi.se under nitrogen at 0°-5°C.

The initial bromine color

was allowed to discharge before the remaining bromine was added.
After addition was complete, the solution was stirred 5 min., then
added to water (200 cc.)

Separation of the layers and further extraction

with water (2 x 50 cc.) gave a light yellow ethereal solution which
was dried (CaCl2) and concentrated to give a thick oil which was used
directly for elimination (IR_2).

The oil was taken up in 200 cc. of

N,N-dimethylacetamide and refluxed 2^ hours with anhydrous calcium
carbonate (20 g.) under nitrogen.

The mixture was cooled and filtered,

the filter cake was washed with diethyl ether and the filtrate was added
to water (U00 cc.) and extracted (5 x 100 cc.).

The combined ether

extracts were back-extracted with water (5 x 50 cc.) and dried (CaCl2).
Concentration and fractionation gave 2-cyclododecenone4 i[1^.9 g., 65$
overall yield) bp

108°-1H°

ram Hg; NMR 1; IR
11

\naat 5.85>
TYldX

6.10 (p,).

Condensation of 2 -cyclododecenone and diethyl methylmalonate:
2-Cyclododecenone(l^.O g., O.O78 mole) and diethyl methylmalonate(13.5 g . , 0 . 0 J 8 mole) were refluxed in a solution of sodium
(1.8 g., O.O78 mole) in absolute ethanol (200 cc.) for 2k hours under
nitrogen.

The resulting mixture was neutralized with ethanolic IIC1

and concentrated.

The thick oil was taken up in ether (200 cc.) and

extracted with water (200 cc.).

The water layer was washed twice with

fresh ethei; and the combined ether layers were dried over sodium sulfate
and concentrated.

This heavy oil was treated directly with amalgamated

zinc (60 g.) and refluxed with 6 N HCl(i|00 cc.) overnight.
mixture was extracted with ether (3 x 200 cc.).

This

The acidic fraction

(25io) was converted to the barium salt and pyrolyzed in vacuo.
could not be identified.

The neutral fraction comprised most of the

products (9 .6 g.) from the reduction.
reduction gave

Products

a waxy solid.

Cooling the heavy oil before

Recrystallization from petroleum ether

(30-60°C.)afforded 2.5 g» of a white solid designated compound 52.
mp

1M-11j-5°C., IR-6 , 5 .97 , 6 .(A, 6.10 |j,. Mass Spectra M+ ,m/e jh-2

C24H 380 . uv

2^5 m .

2-Cyclooctenone
Cyclooctanone(l3.0 g., 0.1 mo le) was dissolved in diethyl ether
(100 cc., anhydrous).

Aluminum trichloride (anhydrous, 0.1 g.) was

added under nitrogen.

Bromine( 16.2 g., o.l mole) was added dropwise to

the cooled (0-5°C.) solution.

The color discharged immediately.

After addition was complete,the solution was stirred an additional
five minutes.

The etherial solution was washed with water (3 x 100 cc.),

dried over sodium sulfate and concentrated to give 2 -bromocyclooctanone
(IRJ+) which was taker up in N,N-dimethylacetamide (100 cc.)and refluxed

2k hours with anhydrous calcium carbonate (10 g.) under nitrogen.

The

suspension was filtered, and the solid was washed with ether.The combined
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filtrates were added to water (200 cc.) and extracted with diethyl
ether (4 x 100 cc.).

The combined ether layers were washed with

water and dried over sodium sulfate.

Concentration and fractionation

gave 2-cyclooctenone:^7*T g*» 62$) (bP

82-85° @ 4 mm Hg),

TO3.X

5.92 |X.

Condensation of 2-cyclooctenone with diethyl methylmalonate
2-Cyclooctenone(16.0 g., 0.13 mole) and diethyl methylmalonate
(22.9 g., 0.13 mole) were refluxed in a solution of sodium(3 *0 g ,jo. 13mole)
in absolute ethanol (200 cc.) under nitrogen for 24 hours.
was neutralized with ethanolic HCl and concentrated.

The solution

The resulting

mixture was taken up in diethyl ether (200 cc.) and washed with water
(200 cc.).

The water layer was washed twice with fresh ether and the

combined ether layers were dried over sodium sulfate and concentrated.
The

heavy oil was treated directly with amalgamated zinc (60 g.)

and refluxed with 6 N HCl(400 cc.) overnight.
extracted with ether (3 x 200 cc.).

The acid fraction was converted

directly to the barium salt and pyrolyzed.
identified.

The mixture was

Products could not be

The neutral fraction comprised most of the products

(8.4 g.) from the reduction.

Reaction of diethyl methylmalonate and 2-cycloheptenone
Diethyl methylmalonate(8 .J g., 0.05 mole)and 2-cycloheptenone

(5*5 g-> 0.05 mole) were refluxed in a solution of sodium (1.15 g*» 0.05
mole) in absolute ethanol (300 cc.) for 24 hours under nitrogen.
Neutralization gave a mixture containing no enolic products(-FeClg).
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Reaction of diethyl methylmalonate with 2-cyclohexenone
Diethyl methylmalonate(8.7 g*> 0.05 mole)and 2 -cyclohexenone
(4.8 g., 0.05 mole)were refluxed in a solution of sodium(l.l5 g.,0.05mole)
in absolute ethanol (300 cc.) for 24 hours with N2 . Neutralization gave
a mixture containing no enolic products (-FeCl3).

Reaction of diethyl methylmalonate with 2-cyclohexenone with a minimum
of solvent.
Diethyl methylmalonate(8.7 g.> 0.05 mole) and 2-cyclohexenone
(4.8 g., 0.05 mole) were refluxed in a solution of sodium(l.l5 g.,0.05mole)
in approximately 25cc.absolute ethanol

for 24 hours under nitrogen.

The reaction mixture was neutralized, giving a mixture containing enolic
materials (+FeCl3) .

The mixture was concentrated, taken up in ether

(100 cc.),and washed with water (2 x 50 cc.).

The ether was dried :

and concentrated to give a crude oil (10.4 g., 77$) • Distillation of
this oil gave diethyl methylmalonate (2 .8 g., 32 .1 $) and 2 -(3 “
oxocyclohexyl)-2 -cyclohexenone.
@

4 m m H g ) , I R l 8 , \NaCl
—
max

(1 .1 g., 22 .9$> bp

132-134°C

5 .8 2 , 5*95 u, NMR 5, triplet (l)i 6.7 ppm.,

P |.AtT

UV Xmax

253

Chromatography of the crude oil (thick layer, silica

elution with 3$ ethyl acetate in heptane) followed by extraction of the
enolic band (+FeCl3) with methanol gave

2-(ethoxycarbonyl-3-

NaCl
oxocyclohexyl)-2-cyclohexenone (46), IR 22, 4max 5»74 p, 5*82 p, 5*97 p»
UV

max

235 nip, 2,4-dinitrophenylhydrazone M.P. 184°C. Anal. Calcd for

Cail^NvjOy: C, 56 .7 6 ; H, 5*41; N, 12.61.
N, 11.97.

Found: C, 56 .58 ; H, 5*55;

g-(3 -Qxocyclohexyl)-2 -cyclohexenone
2-Cyclphexenone { 9.6 gr., 0.1 mole) was treated with a solu
tion of sodium(0.23 gr., 0.01 mole) in ethanol (100 cc.) at 0°C for
72 hours.

Neutralization and concentration gave a crude mixture \fhich

was taken up in diethyl ether (100 cc.) and extracted with water (2 x
50 cc.).

The ether layer was dried (NagSO/i.) and concentrated.

The

resulting oil was distilled giving 3 -ethoxycyclohexanone(0 .8 gr., 5 *6$)
and 2 -(3 -oxocyclohexyl)-2 -cyclohfexenone) (3 -2 gr., 33 $) identical to
that produced in the reaction between diethyl methylmalonate and 2 cyclohexenone.

Reaction of 2~( 5-oxocyclohexyl)-2-cyclohexenone and diethyl methylmalonate

2 -(3 -0xocyclohexyl)-2 -cyclohexanone (7-7 gr., 0.08 mole) and
diethyl methylmalonate(13 .9 Sr *> 0.08 mole) were refluxed in a solution
of sodium(l.8 gr., 0.08 mole) in absolute ethanol (2 0 cc.) for 2k
hours.

Neutralization and workup gave an oil (+ FeCl3) which upon

chromatography (silica, 3 $ ethyl acetate in heptane) gave a 3 “(ethoxycarbonyl-3 -oxocyclohexyl)-2 -cyclohexenone(1.8 gr., 8.4$) identical to
that produced from 2 -cyclohexenone (2,4-dinitrophenylhydrazone, mp
184°C dec).

Reaction of diethyl methylmalonate and cinnamonitrile
Cinnamonitrile(l6.1 g., 0.125 mole) and diethyl methylmalonate
(21.75 g*» 0 .125mole) were refluxed in a solution of sodium (5 .6 g.,

0.125 in 100 cc. of absolute ethanol

under nitrogen for 2h hours.

Neutralization and concentration gave a yellow oil which was taken up
in diethyl ether (200 cc.) and washed with an equal volume of water.
The water layer was washed again with ether and the combined ether
layers dried over sodium sulfate and concentrated.

Distillation of the

resulting oil in vacuo gave ethyl cyanoacetate(0 .8 g., .007 mole), 5
bp

U 5 -550 @ b mm Hg),IR

bp

125-135°C),IR £, *faCl
ITlclX

max

ethyl tt-methylcinnamate (2.5 g*> 12.1$,
*

5.8*1-, 6.10, MS, (m)+ m/e = 1 9 0 and diethyl

a-cyano-j3-phenyl-^-methylglutarate (35) > (20.0 g., 52.8$, bp 192-202°C),
XR 11

5 *77

NMR 2, MS la(M*) m/e

= 303 containing a trace amount

of ethyl cv-cyano-j3-phenyl-j)-glutaramononitrile (M , m/e 2 k 2 ).

Diethyl q-cyano-JS-phenyl-^-methylglutarate.
Ethyl cyanoacetate(8.5 g., 0.075 mole) and ethyl cy-methylcinnamate(llj-.5 g., 0.075 mole)were refluxed in a solution of sodium
(0 .3 g., 0.013 mole) in absolute ethanol (100 cc.) under nitrogen for

6 hours.

Neutralization and concentration gave an oil which was

taken up in diethyl ether (30 cc.) and washed with an equal volume
•of water.

The water layer was washed again with ether and the

combined ether layers dried over sodium sulfate and concentrated.
Distillation gave diethyl a-cyano-j3-phenyl-Y-methylglutarate.
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Reaction of diethyl methylmalonate and ethyl cinnamate
Diethyl methylmalonate(8.7 g., 0.05 mole) and ethyl cinnamate
(8 .8 g.,0.05 mole) were refluxed in a solution of sodium( 1.15 g.j0.05mole)
in absolute ethanol (200 cc.) under a nitrogen atmosphere for 2k hours.
Neutralization and concentration gave a yellow oil which was taken up
in diethyl ether (50 cc.) and extracted with water (50 cc.).

The

water was re-extracted and the ether layers combined, dried over sodium
sulfate, and concentrated.
(1.1 g., 13.1$,

bp

Vacuum distillation gave diethyl malonate,

68-70°C

mm Hg, IR

ItlaX

5 .65 , 5.71; NMR

3.3 2 ppm a singletj ethyl a-methylcinnamate (5*0 g., 51$» bp
130-133°G) diethyl a-ethoxycarbonyl-j3-phenyl-Y-methylglutarate (36 )
(2.6 g., 15.1$, bp

195-197°C ® k

mm Hg),IR 12, \ NaG1
TftcDC

5 .68 -5 .8 I u,

M.S. 2 (M+ ) m/e = 350 containing diethyl a-ethoxycarbonyl-j3,|
phenylglutarate, (M , m/e = 336).

a-Methyl-j3-phenylglutaric acid
Diethyl a-ethoxycarbonyl-j}-phenyl-Y~methylglutarate (2.0 g.,

.0057 mole)was refluxed in a solution of potassium hydroxide (1 .1 g.,
.02 mole)in 50$ ethanol (20 cc.) under nitrogen for 6 hours.
solution was neutralized and evaporated to dryness.
extracted with hot CHC13 (50 cc.) and concentrated.

The

The solid was
The resulting

solid was heated in an oil bath at 150°C until C02 evolution cease .
The resulting gum slowly deposited crystals of a-methyl-J3phenylglutaric acid (mp . 120-1°C Lit 43 mp . 122°C . Thin layer
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chromatography of the mother-liquor on silica (heptane, ethyl acetate::
5 :l) gave a spot identical to one produced from an authentic sample
of J5-phenylglutaric acid (R^ = 0,16).

Abnormal

Michael reaction in the presence

ofethyl formate

Diethyl methylmalonate(17.4 g., 0.1 mole), ethyl

cinnamate

(17.6 g., 0.1 mole) and ethyl formate(7.4g.,0.lmole)were refluxed in a
solution of sodium(2.3 g., 0.1 mole)
nitrogen for 24 hours.

in absolute ethanol (300 cc.) under

Neutralization and concentration gave a yellow

mixture which was taken up in diethyl ether (100 cc.) and ,/ashed with
water(2 x 50 cc.).
concentrated.

The ether layer was dried over sodium sulfate and

Distillation gave diethyl malonate (0.7 g.» ^*5$>

65 -70 °) ethyl a-methylcinnamate (9*2 g., 48.4$,

bp

bp

125“133°C @ 4 mm

Hg) and diethyl a-ethoxycarbonyl-ji-phenyl-Y-methylglutarate (56 )
(3*9

H.2$,

bp

190-196°C @ 4 mm Hg) containing diethyl

a-ethoxycarbonyl-j5-phenylglutarate (49).

Abnormal

Michael reaction in the presence

Diethyl methylmalonate( 17 .4 g., o.l

ofethyl oxalate

mole), ethylcinnamate

( 17.6 g., 0 .1 mole) and ethyl oxalate(l4.6 g., 0 .1 mole)were refluxed in
a solution of sodium(2.3 g., 0 .1 molq>in absolute ethanol (300 cc.)
under nitrogen for 24 hours.
(1.0 g., 6.2$,
(8*7 g«» ^5.7$,

Normal work up yielded diethyl malonate

bp 64-69°C @ 4 mm Hg), ethyl a-methylcinnamate
bp 128-135°C) and diethyl a-ethoxycarbonyl-j3-

phenyl-^-methylglutarate (36 ) (4.2 g,,l2.0$,

bp

192-197°C) contain

ing diethyl a-ethoxycarbonyl-j3-plienylglutarate (49) •

Reaction of diethyl Brnhenylglutarate and diethyl carbonate
Diethyl j3-phenylglutarate(3.2 g . , 0.012 mole)

5^

and diethyl

carbonate(l A g., 0.012 mole) were refluxed in a solution of sodium
(0.3 g., 0.012 mole) in absolute ethanol (50 cc.) under a nitrogen
atmosphere for 2^ hours.

Neutralization and concentration gave a

clear oil which was taken up in diethyl ether (50 cc.) and extracted
with water (50 cc.). Following re-extraction, the ether layers were
combined, dried over sodium sulfate, and concentrated.

Distillation

of the resulting oil gave starting material, diethyl J5-phenylglutarate,
(2.9 g*> 91$ recovered; IR 10 \NaCl
11 max

5 .7 4 , NMR 6) and a pot residue

too small to distill.

Reaction of diethyl methylmalonate and ethyl cinnamate in the presence
of catalytic amounts of base.
Ethyl cinnamate ( 17 .^ g., 0.1 mole) and diethyl methylmalonate
(17.6 g., 0 .1 mole) were refluxed in a solution of sodium (0 .3 ^ g.>

0.016 mole) in absolute ethanol (100 cc.) under nitrogen for 2k hours.
Neutralization and normal work up gave ethyl ^-methylcinnamate (8.2 g.,

kkJlffo, bp.

128-135°C @ k mm Hg) and diethyl a-ethoxycarboayl-j3-

phenylglutarate (lj-9 ) (7*7 g»> 22 .1$, bp

£-Chlorophenacyl j>-toluyl

192 -195 °C).

sulfone

£-Chlorophenacyl bromide(20 g., 0.08^ mole) was added to a
solution of sodium jj-toluenesulfenate

in 200 cc. of

dimethylformamide at room temperature.
for IfO hours.

N,N-

The solution was stirred

Dilution with water (h-00 cc.) and filtration yielded the
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crude sulfone.

Recrystallization from toluene gave white crystals,

M.P. l42-l43°C, (17.7 g., 71.0j>, Ir II, NMR 1.

Anal. Calcd. for

C15H13CIO3 S: C, 58 .26 ; II, 4.21. Found: C, 58.10; H, 4.15.

j}-£-Chlorophenyl-j3-hydroxyethyl £-toluyl

sulfone

£-Chlorophenacyl £-toluyl sulfone (11.9 g., 0.0357 mole) was
dissolved in N,N-dimethylformamide (50 cc.) and ethanol (50 cc.) was
added.

Sodium borohydride(1.0 g., 0.027 mole) was added to the cooled

mixture with stirring.

After 2 hours, the solution was diluted with

an equal volume of water and refluxed for 30 minutes.

Evaporation to

half the volume and extraction with CHCl3 gave white crystals.
(1 0 .2 g., 92 $) recrystallized from benzene/heptane,

mp

94-96°C,

I.R. 14, N.M.R. 8 .

£-Chlorostyryl £-toluyl

sulfone

Dehydration was effected by refluxing the- alcohol in a ten
fold (w/w) excess of phosphoric acid (85fo) for 15 minutes.

Dilution

with ice/water slush (500 cc.) and extraction with benzene'gave £-chlorostyryl £-toluyl

sulfone in quantitative yield (14.8 g.).

Recrystallization from chloroform/heptane gave white crystals, mp
147-148°C, l.R. 15, N.M.R. 9, U.V. \E ^0H
max

283 mu,.
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D iethyl a-methyl-j|-£“Chlorophenyl-Vrj3-toluenesulfonylglutarate

Diethyl. methylmalonate( l.jk g,,.0.01 mole) and jj-chlorostyryl
j>-toluyl sulfone(2 . 92 g., 0.01 mole) were refluxed in a solution of
sodium(0.2 3 g., 0.0 1 mole) in absolute ethanol (I30 cc.) under a nitrogen
atmosphere for 2?+ hours.

Neutralization and concentra.tion gave a

yellow oil which was taken up in diethyl ether (100 cc.) and extracted
with water (100 cc.).

The water was re-extracted and the ether layers

combined, dried over sodium sulfate, and concentrated.

Chromatography

of the resulting oil on silica gave diethyl opmethyl-ji-jg-chlorophenyly-p-toluenesulfonylglutarate (2 .1 g., 45.1$ 9 mp

166 -16T°c) , I.R.

16 , N.M.R. 10.

Reaction of ethyl a-methylcinnamate and diethyl fl-ethoxycarbonyl-Jjphenylglutarate
Ethyl o-mathylcinnamate(6.0 g., 0.032 mole) and diethyl
a-ethoxycarbonyl--g-phenylglutarate( 10.7 g., 0.032 mole) were refluxed
in a solution of sodium(c. 1 g .? 0.005 mole in ethanol (50 cc.) for
2^ hours.

Neutralisation and work up yielded a mixture of ethyl

cinnamate (2 ?$) and ethyl a-methylcinnamate (75 $) (^ *2 g.> 70 $
bp

H 5 -l35 °C) and a high boiling mixture of diethyl or*etboxycarbonyl-

fJ-phenyl-Y-methylglutarate arid diethyl ^r-ethoxycarboyl-p-phenylglutarate
(8.1 g., 75-6$, bp . 192-195° C ) .

Reaction of ethyl cinnamate with sodium ethoxide
Ethyl cinnamate(10.0 g., 0.057 mole) was refluxed in a solu
tion of sodium(l.3 g* > 0.057 mole) in absolute ethyl alcohol (100 cc.)
for 2k hours.

Neutralization and concentration gave a clear mixture

which was taken up in diethyl ether (100 cc.) and washed with water
(2 x 50 cc.).

The ether layer was dried over sodium sulfate and con

centrated to give a clear oil consisting of ethyl cinnamate and
approximately 10$ of its dimer (NMR 11).

Reaction of diethyl malonate with cinnamonitrile under abnormal
Michael reaction conditions
Diethyl malonate(16.0 g., 0.01 mole) and cinnamonitrile (12.9
g., 0.1 mole) were refluxed in a solution of sodium(2 .3 g.> 0 .1 mole) in
absolute ethyl alcohol (100 cc.) for 2k hours under nitrogen.
Neutralization and work up yielded diethyl a-ethoxycarbonyl-^-phenyljS.-glutaromononitrile(7.1»- g.» 25*6$, bp 175_l82 °C) (I.R. 8 ,

mdrfV

5*25>

5.77; M.S. k, M+ , m/e = 289 ).

Reaction of diethyl malonate with cinnamonitrile under normal Michael
reaction conditions.
Diethyl malonate(l6.0 g., 0.1 mole) and cinnamonitrile (12.9
g., 0 .1 mole) were mixed in a solution of sodium(0.37 g*» 0.016 mole) in
absolute ethanol (100 cc.) for 2k hours at room temperature.

Neutrali

zation and work up yielded diethyl Of-ethoxycarbonyl-/J-phenyl-£glutaromononitrile (10.2 g., 35.^$, bp 176-l82°C) identical to that
prepared via abnormal conditions.
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